Brief calorie restriction (CR; 20 days of 60% of ad libitum [AL] intake) improves insulin-stimulated glucose transport, concomitant with enhanced phosphorylation of Akt2. The purpose of this study was to determine whether Akt2 is essential for the calorie restrictioninduced enhancement in skeletal muscle insulin sensitivity. We measured insulin-stimulated 2-deoxyglucose (2DG) uptake in isolated extensor digitorum longus (EDL) and soleus muscles from male and female wildtype (WT) and Akt2-null (knockout [KO]) mice after ad libitum or calorie-restricted (20 days at 60% of AL) feeding. In WT mice, calorie restriction significantly enhanced insulin-stimulated 2DG uptake in both muscles regardless of sex. However, in KO mice, calorie restriction did not enhance insulin-stimulated 2DG in male or female EDL or in female soleus. Only in male KO soleus did calorie restriction significantly increase insulin-stimulated 2DG through an Akt2-independent mechanism, although 2DG uptake of the KO-CR group was reduced compared with the WT-CR soleus group. Akt2 serine phosphorylation was enhanced approximately two-to threefold in insulin-stimulated WT-CR versus WT-AL muscles. Calorie restriction induced an ϳ1.5-to 2-fold elevation in Akt1 phosphorylation of insulintreated muscles, regardless of genotype, but this increase was insufficient to replace Akt2 for insulinstimulated 2DG in Akt2-deficient muscles. These results indicate that Akt2 is essential for the full effect of brief calorie restriction on insulin-stimulated glucose uptake in skeletal muscle with physiologic insulin. Diabetes 54: 1349 -1356, 2005 M oderate calorie restriction (25-40% reduction below ad libitum intake) is an effective treatment for improving insulin sensitivity in many species (1-4). Improved insulin sensitivity occurs rapidly (manifested within 20 days of calorie restriction) (1,3,4). In skeletal muscle, brief calorie restriction (5-20 days) enhances insulin-stimulated glucose uptake (5), a rate-limiting step in glucose metabolism. This increase is ultimately due to an increase in the translocation of GLUT4 glucose transporter to the cell surface after insulin stimulation (6). However, the specific cellular mechanism(s) leading to calorie-restricted enhancement of insulin-stimulated GLUT4 translocation is uncertain.
M
oderate calorie restriction (25-40% reduction below ad libitum intake) is an effective treatment for improving insulin sensitivity in many species (1) (2) (3) (4) . Improved insulin sensitivity occurs rapidly (manifested within 20 days of calorie restriction) (1, 3, 4) . In skeletal muscle, brief calorie restriction (5-20 days) enhances insulin-stimulated glucose uptake (5), a rate-limiting step in glucose metabolism. This increase is ultimately due to an increase in the translocation of GLUT4 glucose transporter to the cell surface after insulin stimulation (6) . However, the specific cellular mechanism(s) leading to calorie-restricted enhancement of insulin-stimulated GLUT4 translocation is uncertain.
Phosphatidylinositol 3-kinase (PI3K) activation is essential for insulin-stimulated glucose transport (7, 8) and is therefore a possible mediator of the effects of calorie restriction on insulin sensitivity. Although we have repeatedly seen a trend for increased insulin receptor substrate (IRS)-1-associated PI3K activity, we have not found a significant change in IRS-1-, IRS-2-, or phosphotyrosineassociated PI3K activity (6, 9, 10) . There is no change in insulin receptor number, binding affinity, or tyrosine kinase activity with brief calorie restriction (11, 12) . There is also no increase in IRS-1 or IRS-2 (4,6) or PI3K regulatory p85 subunit (6) abundance. Considering the lack of a significant effect of calorie restriction on PI3K and its upstream regulators, we have become interested in insulin signaling downstream of PI3K.
Akt is an insulin-responsive serine/threonine kinase downstream of PI3K that is important for insulin-stimulated glucose uptake (13) (14) (15) . There are three Akt isoforms (Akt1, Akt2, and Akt3) that have distinct but overlapping signaling roles. Akt2 is of particular interest, as it plays a key role in insulin-stimulated glucose uptake (14, 16, 17) . Specifically, isoform-targeted knockdown of Akt2 using siRNA significantly reduced insulin-stimulated glucose uptake, while almost complete knockdown of Akt1 had much less effect (13, 17) . Moreover, Akt2-null mice demonstrate impaired glucose tolerance and reduced insulin-stimulated glucose uptake (18, 19) , while Akt1-null mice have normal glucoregulation (20) . However, the impairment in skeletal muscle glucose uptake of Akt2-null mice is incomplete, as it can be overcome at high insulin concentrations, suggesting functional redundancy within Akt isoforms or a compensatory pathway(s). Importantly, reduced Akt2 expression and impaired insulin-stimulated Akt2 activation were reported for diabetic (21) and insulin-resistant (22) human skeletal muscle.
Recently, we found that 20 days of calorie-restricted compared with ad libitum feeding increased the amount of insulin-stimulated Akt2 phosphorylation but not the amount of Akt1 phosphorylation in rat epitrochlearis muscle (23) . These data suggest an important role for Akt2 in the calorie restriction-induced increase in insulin sensitivity. Therefore, the primary aim of the present study was to determine whether Akt2 is essential for the calorie restriction-induced increase in insulin-stimulated glucose uptake. To investigate this question, we measured 2-deoxyglucose (2DG) uptake in isolated skeletal muscles after 20 days of calorie-restricted or ad libitum feeding in male and female mice homozygous wild-type (WT) or null (knockout [KO] ) for the Akt2 allele. To further elucidate the mechanism(s) mediating changes in 2DG uptake with calorie restriction, phosphorylation and abundance of Akt1 and Akt2 were measured. Our results indicate that Akt2 is required for the full effect of brief calorie restriction on insulin-stimulated glucose uptake in mouse skeletal muscle at a physiological insulin concentration.
glucose oxidase assay (ThermoDMA, Louisville, CO). Serum insulin was measured by rat sensitive radioimmunassay (Linco Diagnostics, St. Louis, MO). Immunoprecipitation. For Akt1/Akt2 immunoprecipitation, 2 g antibody (goat anti-Akt1, catalog no. sc-7126; Santa Cruz Biotechnology, Santa Cruz, CA, or rabbit anti-Akt2 antibody, no. 2962; Cell Signaling, Beverly, MA) was incubated with supernatant (2-3 h/overnight, 4°C) with rotation. After initial antibody incubation, protein G/A agarose beads (Upstate Biotechnology, Lake Placid, NY), prewashed in immunoprecipitation buffer no. 1 (50 mmol/l PBS, 1% Igepal, 0.1 mmol/l Na 3 VO 4 ), were added to the lysate/antibody mix and rotated (4°C overnight/3 h). Beads were washed six times: three times in immunoprecipitation buffer no. 1 and three times in immunoprecipitation buffer no. 2 (10 mmol/l Tris pH 7.5, 100 mmol/l NaCl, 0.1 mmol/l Na 3 VO 4 ) and eluted with 2 ϫ SDS buffer. Immunoblot assay. For serine phosphorylation of Akt isoforms, immunoprecipitants were separated on 8% SDS-PAGE and transferred to nitrocellulose at 200 mA for 2 h at 4°C. Membranes were blocked with 5% milk in Tris-buffered saline with 0.1% Tween (TBST) at room temperature and then incubated (1:1,000) with anti-phosphoserine Akt (catalog no. 9271; Cell Signaling, Beverly, MA) overnight at 4°C. For Akt1 abundance, membranes were blocked overnight with 5% milk-TBST and then incubated with anti-Akt1 (1:500). For Akt2 abundance, membranes were blocked in milk-TBST and then incubated with anti-Akt2 (1:1,000) overnight at 4°C. For threonine phosphorylation of AMP-activated protein kinase (AMPK), membranes were blocked in milk-TBST and then incubated with anti-phosphothreonine AMPK-␣ (catalog no. 2531; Cell Signaling) at 1:1,000 overnight (4°C). After secondary antibody incubations, blots were developed by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ), and bands were quantitated by densitometry (Bio-Rad, Hercules, CA). Band densities were expressed relative to insulin-stimulated WT-AL group mean for Akt phosphorylation data or WT-AL group mean for AMPK phosphorylation and Akt abundance data, which were adjusted to equal 1.0 on each blot. Statistical analysis. Two-way ANOVA with genotype and diet as main effects was used to determine significant differences within each sex for all measurements except Akt2 phosphorylation and abundance. 2DG uptake data were analyzed for each insulin level (0 and 0.6 nmol/l) and for calculated insulinstimulated 2DG uptake. Calculated insulin-stimulated 2DG uptake equals the insulin 2DG uptake minus the basal 2DG uptake for paired muscles and represents the insulin effect on glucose uptake without contribution of basal levels. Data that failed the Levine Normality test were log transformed and analyzed by two-way ANOVA. Tukey post hoc test was applied to determine the source of significant variance. For Akt2 serine phosphorylation, Akt2 abundance, and AMPK phosphorylation, Student's t test was used. P Ͻ 0.05 was considered significant.
RESULTS
Body and fat pad weight. On the first day of the calorie restriction period, initial body weight was not different between AL and CR groups with the same genotype and sex. However, all KO groups were ϳ8% smaller than their sex-and diet-matched WT controls (Table 1) . After 20 days, the ϳ8% reduced body size persisted only in the male KO-AL group compared with the WT controls (P Ͻ 0.01). Final body weight was decreased for calorie restriction versus ad libitum regardless of genotype or sex.
KO-AL versus WT-AL mice had significantly smaller retroperitoneal fat pads regardless of sex (males ϳ60%, females ϳ40%). Retroperitoneal fat pad weight was significantly lower in the WT-CR versus the WT-AL group for both sexes (males ϳ90%, females ϳ35%; P Ͻ 0.05). In KO mice, retroperitoneal fat pad weight was ϳ75% lower with calorie restriction versus ad libitum feeding only in males (P Ͻ 0.05). Expressed relative to final body weight (milligrams per gram), the calorie restriction versus ad libitum reduction in fat pad weight was significant (P Ͻ 0.005) in male (WT ϭ 80%, KO ϭ 67%) but not female (WT ϭ 30%, KO ϭ 20%) mice, regardless of genotype. Serum glucose and insulin. Fasting (ϳ3-h) serum glucose and insulin were measured the morning of the muscle experiment (Table 2) . Glycemia was not different between male WT-AL and KO-AL mice. However, serum glucose was significantly reduced in male WT-CR versus WT-AL mice (ϳ30%; P Ͻ 0.01) but not in KO-CR compared with KO-AL mice. In female mice, serum glucose was unaffected by diet or genotype. Serum insulin was not significantly different between WT-AL and WT-CR in either sex, although there was a trend for a calorie restrictioninduced decline in WT males. However, serum insulin was ϳ11-fold higher in male KO-AL versus WT-AL mice (P ϭ 0.001). Insulin was significantly reduced (P ϭ 0.004) in male KO-CR versus KO-AL, and the KO-CR group attained levels similar to male WT-AL mice. There was a trend for approximately twofold higher insulin in female KO-AL versus WT-AL (P ϭ 0.09). Unexpectedly, calorie restriction in KO females resulted in an approximately threefold increase in insulin compared with KO-AL (P Ͻ 0.05). 2DG uptake. In EDL muscles, basal 2DG uptake was significantly (P Ͻ 0.001) increased with calorie restriction compared with ad libitum feeding, regardless of genotype or sex (Fig. 1 ). In the soleus, calorie restriction significantly enhanced basal 2DG (P ϭ 0.01) only in male WT-CR versus WT-AL (Fig. 2) . With a physiologic insulin concentration, calorie restriction significantly enhanced 2DG uptake above ad libitum feeding in both the EDL and soleus of WT mice, regardless of sex ( Figs. 1 and 2 ). In contrast, in KO mice, 2DG uptake with insulin was not significantly increased above ad libitum with calorie restriction in male or female EDL or in female soleus. Only in male KO soleus was 2DG uptake in the presence of insulin significantly increased by calorie restriction above ad libitum values. In all groups, 2DG uptake with insulin was ϳ1.5-fold greater for WT-CR versus KO-CR in the respective muscle from the same sex (P Ͻ 0.05).
Insulin-stimulated 2DG uptake represents the calculated effect of insulin on muscle 2DG above basal 2DG uptake (insulin-stimulated 2DG uptake ϭ 2DG uptake with insulin Ϫ basal 2DG uptake). Because basal glucose uptake was increased by calorie restriction in some muscles, it is important to consider changes in insulin-stimulated glucose uptake to isolate diet and/or genotype effects on insulin action from altered basal glucose uptake (Table 3) . In WT mice, insulin-stimulated 2DG uptake was significantly (P Յ 0.01) increased in calorie restriction versus ad libitum in EDL (ϳ60% for both sexes) and soleus (males ϳ56%, females ϳ40%) regardless of sex. However, in KO mice, calorie restriction did not enhance insulin-stimulated 2DG uptake in the EDL of either sex or the female soleus. In male soleus, insulin-stimulated 2DG uptake was enhanced in KO-CR versus KO-AL (P ϭ 0.02). Notably, the insulinstimulated 2DG uptake was always significantly (P Ͻ 0.05) and markedly (Ͼ1.6-fold) greater in WT-CR compared with KO-CR. Akt1 serine phosphorylation. Akt1 abundance (data not shown, n ϭ 5-7) was not significantly different for diet or genotype in EDL or soleus. Akt1 phosphorylation without insulin (Figs. 3 and 4) was not significantly different for diet or genotype in EDL or soleus from females or in EDL from males. For muscles without insulin, only the soleus from males had a significant (P Ͻ 0.01) calorie restrictioninduced increase in Akt1(Ser 473 ) phosphorylation (Fig. 4) . In insulin-stimulated muscles, Akt1(Ser 473 ) phosphorylation was significantly (P Ͻ 0.05) enhanced in calorierestricted compared with ad libitum feeding in male and female EDL (25-90% increase) and male soleus (40 -80% increase). In insulin-stimulated EDL, calorie-restricted compared with ad libitum feeding had higher Akt1 serine phosphorylation (ϳ2-fold in males, ϳ1.4-fold in females). In insulin-stimulated male soleus, Akt1 phosphorylation was ϳ1.5-fold greater in WT-CR versus WT-AL and ϳ2-fold greater for KO-CR versus KO-AL. In female soleus, there was a trend (P ϭ 0.08) for higher Akt1 phosphorylation in insulin-stimulated muscles from CR versus AL mice, regardless of genotype. Akt2 serine phosphorylation. Akt2 abundance (data not shown, n ϭ 6 -9) and Akt2 serine phosphorylation without 
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insulin (Fig. 5) were not significantly different for ad libitum versus calorie restriction in EDL or soleus of WT mice, regardless of sex. Without exception, Akt2 phosphorylation in insulin-stimulated muscle from WT mice was significantly higher for calorie-restricted compared with ad libitum feeding. In insulin-stimulated EDL of WT mice ( Fig. 5A and E), Akt2(Ser
474
) phosphorylation was significantly increased for calorie restriction versus ad libitum in males (ϳ2-fold) and females (ϳ1.8-fold). Similarly, in insulin-stimulated WT soleus ( Fig. 5B and D) , Akt2(Ser 474 ) phosphorylation was significantly enhanced for calorie restriction versus ad libitum in males (ϳ3-fold) and females (ϳ2.5-fold). AMPK threonine phosphorylation. AMPK(Thr 172 ) phosphorylation was evaluated in the EDL of male mice (n ϭ 6 -9) to determine whether the calorie restriction-induced increase in basal 2DG uptake was accompanied with a calorie restriction-induced increase in AMPK phosphorylation (AL-WT ϭ 1.00 Ϯ 0.09, AL-CR ϭ 1.09 Ϯ 0.18, KO-AL ϭ 0.63 Ϯ 0.15, and KO-CR ϭ 0.91 Ϯ 0.18). There was no significant main effect of diet (P ϭ 0.262), but there was a nonsignificant trend for a main effect of genotype (P ϭ 0.096).
DISCUSSION
The major new findings of this study are that 1) Akt2 was essential for the full effect of brief calorie restriction compared with ad libitum to increase insulin-stimulated 2DG uptake at a physiological insulin concentration, 2) increased Akt1 phosphorylation for insulin-treated calorierestricted muscles compared with ad libitum controls was insufficient to replace Akt2 for insulin-stimulated glucose uptake, and 3) an Akt2-independent mechanism accounted for a significant increase in insulin-stimulated 2DG with calorie restriction versus ad libitum only in the soleus of male KO mice. Recently, we found that 20 days of calorie restriction compared with ad libitum feeding increased insulin-stimulated Akt2 phosphorylation and not Akt1 phosphorylation above ad libitum levels in rat epitrochlearis incubated with insulin (23) . These results suggested that Akt2 plays an important role in mediating the calorie restriction effects on insulin-stimulated glucose uptake. Using a mouse null for Akt2, we now provide compelling evidence supporting this interpretation.
Akt2-null mice have impaired glucose tolerance and a defect in insulin-stimulated glucose uptake in isolated muscle (18, 19) . Our results are also consistent with wholebody and skeletal muscle insulin resistance for KO compared with WT mice. Serum insulin concentration was higher in KO compared with WT mice of both sexes. In both the EDL and soleus of KO-AL mice, a physiologic insulin concentration was insufficient to significantly enhance glucose uptake above basal.
Akt2 was essential for the full effect of calorie restriction on 2DG uptake in insulin-stimulated skeletal muscle. In all WT muscles studied, insulin-stimulated glucose uptake was increased for calorie restriction compared with ad libitum feeding. In contrast, for KO animals, insulinstimulated 2DG uptake was not significantly increased in calorie restriction compared with ad libitum in EDL of either sex or female soleus. Only in the soleus of male KO mice did calorie restriction cause a significant increase of insulin-stimulated 2DG through an Akt2-independent pathway. However, insulin-stimulated 2DG uptake in male WT-CR soleus was still substantially higher (ϳ1.6-fold) than male KO-CR soleus. Without exception, insulin-stimulated 2DG uptake was significantly greater in muscles from WT-CR mice compared with respective sex-matched muscles from KO-CR mice at this physiologic insulin concentration.
The calorie restriction-induced increase in insulin-stimulated 2DG uptake in WT muscle corresponded with the consistent calorie restriction effect on Akt2 serine phosphorylation in insulin-stimulated muscle. In WT mice, Akt2 phosphorylation of insulin-stimulated EDL and soleus was approximately two-to threefold greater for calorie restriction versus ad libitum regardless of sex. Previously in male rat epitrochlearis, we found an approximately twofold increase in insulin-stimulated Akt2 serine phosphorylation with calorie restriction versus ad libitum (23) . These results demonstrate a robust calorie restriction enhancement of insulin-stimulated Akt2 phosphorylation in muscles from both species.
Akt1 serine phosphorylation in insulin-stimulated muscles was also increased by ϳ1.5-to 2-fold for calorie restriction versus ad libitum in mouse EDL and soleus regardless of genotype or sex. At first glance, these results appear to conflict with our findings in rat skeletal muscle, in which there was no difference in insulin-stimulated Akt1 serine phosphorylation between ad libitum and calorie restriction. However, there was a significant ϳ30% decrease in Akt1 abundance in rat skeletal muscle (23) , and when insulin-stimulated Akt1 phosphorylation was expressed relative to abundance (pAkt1/Akt1), there was an ϳ1.5-fold increase in insulin-stimulated Akt1 phosphorylation for calorie restriction versus ad libitum. Unlike rat muscle, Akt1 abundance in mouse muscle was not reduced with calorie restriction. In the absence of reduced Akt1 abundance, we would predict phosphorylation in insulin-stimulated muscles to be higher for calorie restric- Despite the 1.5-to 2-fold calorie restriction-induced increase in Akt1 serine phosphorylation, Akt1 was not sufficient to replace Akt2 for insulin-stimulated glucose uptake. A similar result occurred in primary adipocytes cultured from Akt2-null mice, where overexpression of Akt1 by approximately twofold was unable to eliminate defective insulin-stimulated glucose uptake (16), suggesting an isoform-specific function of Akt2 on insulin-stimulated glucose uptake that was not replaceable with elevated Akt1 function. Furthermore, calorie restriction-enhanced Akt1 serine phosphorylation did not correspond to insulinstimulated 2DG uptake. In insulin-stimulated male EDL, calorie restriction increased Akt1 serine phosphorylation by approximately twofold above ad libitum in both WT and KO, but only in WT did calorie restriction cause improved insulin-stimulated glucose uptake. These results demonstrate an inability for elevated phosphorylation of Akt1 to replace Akt2 for insulin-stimulated glucose uptake in skeletal muscle of Akt2 null mice.
Calorie restriction also increased insulin-stimulated 2DG uptake in male KO soleus, indicating an Akt2-independent mechanism for this calorie restriction effect. Although 2DG uptake was lower for KO-CR compared with WT-CR, this result indicates that calorie restriction, at least in male soleus, can act through an alternative mechanism. It remains possible that, with sufficiently high insulin, calorie restriction might enhance insulin action in other muscles of both sexes. Nonetheless, calorie restriction is typically effective in the face of attenuated rather than elevated insulinemia, arguing against this mechanism as being physiologically relevant. Akt1 is a possible candidate for the Akt2-independent mechanism. In the insulinstimulated soleus from male KO mice, both Akt1 serine phosphorylation and 2DG uptake were greater for the CR compared with the AL group, raising the possibility of a relationship between these processes. However, among the other insulin-stimulated muscles from KO mice, there was not a consistent correspondence between calorie restriction effects on 2DG uptake and Akt1 serine phosphorylation, suggesting that with the possible exception of the soleus from male KO-CR mice, another mechanism is likely to be important. Atypical protein kinase C isoforms and are attractive candidates for the Akt2-independent mechanism.
Calorie restriction also increased basal 2DG in mouse muscle, and this calorie restriction effect was unrelated to the presence of Akt2. Calorie restriction compared with ad libitum feeding significantly increased basal glucose uptake in EDL, regardless of genotype or sex, and in male WT soleus. There was no significant effect of calorie restriction on AMPK phosphorylation, arguing against this as a mechanism for the diet effect on basal 2DG uptake. Previously, we found elevated basal glucose uptake in calorie restriction compared with ad libitum feeding in mouse epitrochlearis with a trend for a similar increase in the EDL and soleus of CR versus AL mice of both sexes (4) . In rat skeletal muscle, the effect of calorie restriction on glucose transport is specific to the insulin-mediated pathway without effect on basal glucose transport or basal cell surface GLUT4 content (6) . It is possible that in basal mouse muscle, calorie restriction elevates cell surface GLUT4 and/or GLUT1.
Calorie restriction has been typically shown to reduce serum insulin, and in this study, calorie restriction reduced serum insulin in male WT and KO. Unexpectedly, calorie restriction led to increased serum insulin in female KO-CR. The reason for divergence in calorie restriction effects for male and female KO in serum insulin is not known, but there was no evidence that elevated insulin was a compensatory response for insulin resistance in skeletal mus- cle of the female KO-CR compared with WT-CR mice. Insulin was measured in serum from fasted mice. It would be valuable to know the effects of calorie restriction on whole-body glucoregulation and insulin sensitivity in female KO mice in response to a glucose challenge.
In conclusion, without exception, the calorie restriction-induced increase above ad libitum feeding for insulinstimulated 2DG uptake was greater in WT compared with KO. In three of four muscles studied from Akt2-deficient mice, insulin-stimulated 2DG uptake was not increased for CR compared with AL muscles. As in rat epitrochlearis (23) , calorie restriction substantially enhanced Akt2 serine phosphorylation above ad libitum in insulin-stimulated WT mouse EDL and soleus. Akt1 phosphorylation was also increased in insulin-stimulated EDL and soleus with calorie restriction, regardless of genotype or sex, but increased Akt1 serine phosphorylation was insufficient to replace Akt2 for insulinstimulated glucose uptake in Akt2-deficient muscles. The data support the hypothesis that Akt2 is crucial for the full effect of calorie restriction on elevating glucose uptake in skeletal muscle with a physiologic insulin concentration.
